Morphology and crystallographic properties of two-dimensional ZnO nanowalls epitaxially grown on catalytic Au-deposited GaN/c-plane sapphire substrates in a thermal chemical vapor deposition process were studied as a function of growth temperature. Vertically well-aligned ZnO nanowall networks with dierent wall size and morphology were formed at 880, 900 and 920 C, respectively. We observed that the ZnO nanowall networks were of a single-crystalline structure and showed a perfect epitaxial relation with the catalytic Au and the GaN substrate in high-resolution electron microscopy and synchrotron X-ray scattering experiments. It was found that the crystal quality of ZnO nanowall and catalytic Au was improved with increasing growth temperature in X-ray powder diraction measurements. The room-temperature photoluminescence spectrum showed a quite strong and sharp ultraviolet emission as well as relatively weak deep-level emission, indicating good optical properties of the ZnO nanowall samples in this work.
I. INTRODUCTION
One-dimensional (1D) semiconductor nanostructures have been variously reported, because nanostructures have potential applications in electronic and photonic devices [1{3] . Especially, nanostructures of semiconductor materials have been actively investigated, due to the enhancement of their electronic and photonic properties through nanostructuring [4{6] . Recently, great attention has been paid to 1D ZnO nanostructures such as nanowires, nanorods, and nanotubes [7{9] . However, studies regarding two-dimensional (2D) ZnO nanostructures such as nanowalls [10{12] and nanosheets [13, 14] are quite rare, despite the fact that they have great potential applications using their high surface-to-volume ratio. Until now, only a few studies on the growth of ZnO nanowall structures by thermal evaporation [10, 11] , metal-organic chemical vapor deposition (MOCVD) [12] , and chemical solution growth [15] have been carried out. In this paper, morphology and crystallographic properties of ZnO nanowall networks epitaxially grown on GaN/sapphire substrates in a thermal chemical vapor de-£ E-mail: kimsw@kumoh.ac.kr; Fax: +82-54-478-7769 position process as a function of growth temperature are described. We clearly observed that the ZnO nanowalls, the catalytic Au, and the GaN epilayer had a perfect epitaxial relation, and the crystal quality of the ZnO nanowalls and the catalytic Au improved with increasing growth temperature in synchrotron X-ray scattering experiments.
II. EXPERIMENTS AND DISCUSSION
In this work, a thermal chemical vapor deposition (CVD) system was used for the controlled growth of ZnO nanowall networks. Prior to the main growth of the nanowalls, undoped GaN epilayers (4 m) were deposited on c-plane Al 2 O 3 substrates by MOCVD. Then, a thin Au layer (3 nm) as a catalyst was deposited on the GaN for the growth of well-aligned nanowall networks by thermal evaporation. ZnO nanowall networks were synthesized via carbothermal reaction by evaporating a 1 : 1 mixture of ZnO (99.999 % purity) and graphite (99.999 % purity) powder. Ar gas was used as the carrier gas for transporting vaporized Zn and O species. The Ar gas ow rate was maintained at 800 sccm during the growth. (1), (2), (3) and (4) are ZnO nanowalls, self-formed ZnO thin lm, GaN epilayer, and cplane sapphire substrate, respectively.
The substrates were placed 1 cm downstream from the center of the ZnO and graphite mixed powder. The alumina tube in the thermal CVD system was heated and kept at 880, 900, and 920 C for 90 min. After nishing the growth of the nanowalls, the system was cooled to ambient temperature. The morphology and composition of the grown samples were investigated by using eld-emission scanning electron microscopy (FE-SEM) in conjunction with energy-dispersive X-ray spectrometry (EDS). Structural properties of the samples were investigated by synchrotron X-ray scattering measurements carried out at beamline 5C2 at Pohang Light Source (PLS) and high-resolution electron microscopy (HREM). The synchrotron X-ray was focused vertically by a mirror, and a double-bounce Si (111) monochromator was used to monochromatize the X-ray to a wavelength of 1.239 A. Room-temperature (RT) photoluminescence (PL) spectra were obtained from the sample grown at 900 C by using a continuous-wave He-Cd laser with an excitation wavelength of 325 nm. Figure 1 (a), (b) and (c) show medium-magnication tilting-view (30 degree) FE-SEM images of vertically well-aligned epitaxial ZnO nanowall structures formed on GaN/sapphire substrates by vaporizing the ZnO and graphite mixed powder mixture for 90 min at 880, 900 and 920 C, respectively. A large number of vertically aligned ZnO nanowires were mainly generated on the nanowalls, both at the intercrossing points located at the edges of the nanowalls and at the inner areas of the nanowalls, as shown in Figure 1 (a); this is similar to previous work [10, 11] . However, it is clearly shown that the distribution of the nanowalls with a honeycomblike pattern is nearly uniform over the entire surface of the GaN epilayer and only a small number of nanowires on the nanowalls are formed at 900 C, compared to the sample grown at 880 C. ZnO nanowall networks with a pool-like pattern and larger size were formed at 920 C, as shown in Figure 1(c) . The absence of nanowalls in the region with no Au coverage indicates that the Au catalyst plays an important role in the formation of nanowalls in accordance with the previous work [10, 16] . From the FE-SEM results, we could observe that the number of homoepitaxial nanowires on nanowalls decreased noticeably and the size of nanowalls increased with growth temperature. The average height of the nanowalls grown at 900 C is approximately 2 m, as shown in Figure 1 (d). It should be noted that the nanowalls are grown via the formation of a self-formed ZnO thin lm with an average thickness of 1.7 m on the GaN epilayer, as shown in Figure 1(d) . Figure 2 shows the scattering proles along the azimuth circle of the nonspecular ZnO (10 12), Au (11 1), and GaN (10 12) reections, respectively, of the sample grown at 920 C. The scans were carried out along the surface normal direction, Q z , [Q = 4 sin(2=2)=], in reciprocal space. From the results in Figure 2 , it was found that both ZnO and Au had a perfect epitaxial relationship with the GaN (0002), which was also observed for the samples grown at 880 and 920 C. It should be noted that our report is the rst experimental observation of the perfect epitaxial relation of the Au catalyst, the ZnO nanowalls, and the GaN epilayer irrespective of growth temperature. In addition, the phi scan of the nonspecular ZnO (10 12) and Au (11 1) reections showed six-fold symmetry, along with the GaN (10 12). Figure 3 shows rocking curves at ZnO (0002) and Au (111) Bragg's peak positions. The full width at half maximum (FWHM) values of the rocking curves at the ZnO (0002) Bragg's peak position of the samples grown at 880, 900 and 920 C were 0.144, 0.074 and 0.067 , respectively. In addition, the FWHM values of rocking curves at the Au (111) Bragg's peak position of the samples grown at 880, 900 and 920 C were 0.651, 0.6 and 0.498 , respectively. The ZnO (0002) rocking FWHM values of 0.074 and 0.067 are among the lowest values reported to date in ZnO nanostructures. Here, it is interesting that the FHWM values decrease with increasing growth temperature, which means that the crystal qualities of the ZnO nanowall networks and the catalytic Au layer improve with growth temperature.
In order to specically investigate the crystallinity of the nanowalls themselves, excluding the contribution of the ZnO thin lm formed on GaN, transmission electron microscopy (TEM) measurements were carried out. Figure 4(a) shows the typical morphology of a single ZnO nanowall grown at 900 C, which was obtained by brighteld (BF) TEM measurements. An HREM image taken along the [2 1 10] zone axis in Figure 4 (b) and a corre- Figure 4 (a), reveal that the nanowall is single-crystalline with a hexagonal structure. The lattice spacing for the nanowall growth direction is estimated to be 0.52 nm. Based on the results obtained from synchrotron X-ray scattering measurements and TEM analysis, we could conclude that the ZnO nanowalls realized in this work had a h0001i preferred growth direction as well as a typical single-crystalline hexagonal structure.
A thin Au layer with 3 nm thickness is deposited for catalytic action on the growth of ZnO nanowalls on the GaN epilayer. During the main growth of the samples, the catalytic thin Au layer can easily to be transformed to Au networks with honeycomblike patterns as proposed in previous reports [10] , because of the limited wettability of Au on the GaN surface. In the previous reports [10, 11] , ZnO nanowalls are directly grown on a-plane Al 2 O 3 substrates via a vapor-liquid-solid (VLS) process along grain boundaries within complex channeled Au networks. On the other hand, we could not observe any Au-related peaks from the top surface area of the ZnO thin lm and the nanowalls (sample grown at 900 C) in the EDS measurements, as shown in Figure 5 . Thus, we suggest that our ZnO nanowall networks are grown via a vaporsolid (VS) process. The Zn vapor is dissolved into the surface areas of the complex channeled Au networks by forming a Zn-Au solid solution. Then, ZnO nucleation begins on the Au networks by surface oxidation of the Zn-Au alloy, suggesting that the formation of the ZnO thin lm before the main growth of the nanowalls is due to a VS mechanism. Grain boundary areas are the most thermodynamically active sites for adsorption of Zn and O species supplied from the ZnO and graphite mixed powder [10] . In addition, ZnO growth is more highly accelerated at the grain boundary regions of the Au networks, resulting in the formation of ZnO nanowalls on the ZnO thin lm as shown in the FE-SEM images of Figure 1 .
The nanowall size is a strong function of growth temperature. The wall size is dramatically increased with growth temperature, which is due to enhanced wettability of the catalytic Au layer at high growth temperature. We conrmed that the average size of Au networks thermally treated at the same temperature ranges corresponded strongly to that of the ZnO nanowalls formed on the Au networks, which indicates that the size and density of ZnO nanowalls can be controlled and predetermined prior to the main growth of ZnO.
A large number of ZnO nanowires are formed on the ZnO nanowalls grown at 880 C, as shown in Figure 1(a) . This junction structure of ZnO nanowires and nanowalls has been reported previously [10, 11] . According to this work, nanowires are generated on nanowalls with the help of Au catalyst via a VLS mechanism. Interestingly, it was found that we could also observe Au-related EDS peaks from the tip of the individual nanowires, which suggests that the nanowires grown on the nanowalls in this work are also attributed to the VLS process in accordance with the previous work [10, 11] . The number of nanowire-nanowall junctions decreases noticeably with growth temperature. This phenomenon might originate from the Au wettability depending on growth temperature. The concrete formation mechanism of the nanowire-nanowall junction structure as a function of growth conditions will be reported elsewhere in the near future.
The RT PL spectrum obtained from the sample grown at 900 C in Figure 6 shows a quite strong and sharp ultraviolet (UV) emission band around 382 nm, as well as a broad and weak deep-level emission band around 520 nm. The UV and deep-level emission bands are attributed to free-exciton recombination at the near-band edge and transitions which may be related to oxygen vacancies [17, 18] , respectively. The strong UV and weak green emission are distributed uniformly over the entire area of the sample, which indicates that our ZnO nanowall networks in this work show good optical properties.
III. CONCLUSION
Controlled growth of two-dimensional ZnO nanowall networks grown on GaN/sapphire substrates as a function of growth temperature and properties are discussed. It was found that ZnO nanowalls, a self-formed ZnO thin lm, and Au catalyst had a perfect epitaxial relation with the GaN epilayer. The structural properties of the Au catalyst as well as the ZnO nanowalls are improved by increasing the growth temperature. It is also observed that the number of nanowire-nanowall junctions decreases dramatically and the average size of the nanowalls increases with an increment of processing temperature, which is due to the Au wettability depending on temperature. The RT PL results showed good optical properties of our ZnO nanowall networks.
